White spot lesions (WSLs) are very frequent alterations during orthodontic treatments causing demineralization of the dental enamel. Various dental treatments have been developed to prevent WSLs; the prevalence and incidence of these lesions remain significantly high. Although silver nanoparticles (AgNPs) have demonstrated good inhibitory effects against several microorganisms, more studies about antiadherence activity on different orthodontic appliance surfaces are necessary. To determine the inhibitory effect and antiadherence activity of AgNPs on the adhesion of S. mutans on surfaces of brackets and wires for orthodontic therapies, two sizes of AgNPs were prepared and characterized. The evaluation of S. mutans adhesion was performed with microbiological assays on surfaces of brackets and orthodontic modules in triplicate. Topographic characteristics of orthodontic brackets and wires were made by scanning electron and atomic force microscopies. All AgNP samples inhibited S. mutans adhesion; however, the smaller AgNPs had better inhibition than the larger ones. The presence of the module influenced the adhesion of S. mutans but not in the activity of AgNPs. The AgNPs used in this study showed to have good antimicrobial and antiadherence properties against S. mutans bacteria determining its high potential use for the control of WSLs in orthodontic treatments.
Introduction
Dental caries is the most prevalent and multifactorial oral disease and still considered as a serious worldwide oral health problem [1] . The dental caries starts commonly its demineralization process on the dental enamel surfaces presenting opaque and white colors called to this stage as a white spot lesion (WSL) [2] . The development of WSLs is generally associated to prolonged dental plaque accumulation on the dental surfaces [3] and factors like diet, deficiency in calcium, phosphate, fluoride, and bicarbonate levels; specific medical and dental as well as genetic characteristics might be involved [3, 4] . Streptococcus mutans (S. mutans) has been considered the principal oral pathogen involved in the development of dental caries [5] ; however, these bacteria have also been associated with other systemic diseases, such as bacteremia and infective endocarditis because of its great ability of the bacteria to adhere to tooth surfaces [6, 7] . Various scientific reports have determined that the orthodontic treatments significantly increase the risk of WSLs by the poor oral hygiene associated with more retentive surface area for food and limited oral hygiene skills [3, 8, 9] ; however, other factors as dental susceptibility and chemical conditions could also be associated [10] . This is a clinical problem resulting in an unacceptable esthetic presentation that, in some severe cases, may require restorative treatments [11] . Despite hygiene therapies for the control of dental caries/WSLs, the frequency of WSLs in orthodontic treatments remains significantly high. Several studies have demonstrated that from 2% up to 96% of the patients with this kind of therapies could strongly develop conditions to increase the risk of WSLs in subjects with orthodontic appliances [3, [11] [12] [13] ; indicating, in some cases, that more than 50% of subjects with fixed orthodontic appliances might experience an increased risk in the number of WSLs during the orthodontic treatment [14] . This is a clinical problem that might create an unacceptable esthetic alteration that, in some severe cases, may involve restorative treatments [11] . Dental protocols for the prevention and control of WSLs based on fluoride tools have been the most successful treatments [12, 13] ; moreover, other alternative protocols using innovating varnishes have recently demonstrated to have different physicochemical properties to the control of the development of incipient dental caries [14, 15] . Recently, silver nanoparticles (AgNPs) have been shown to be materials with excellent antimicrobial properties in a wide variety of microorganisms [6, [16] [17] [18] [19] . In the orthodontic field, studies have incorporated AgNPs (17 nm) into orthodontic elastomeric modules, orthodontic brackets and wires, and others, against a wide variety of bacterial species concluding that these orthodontic appliances with AgNPs could potentially combat the dental biofilm decreasing the incidence of dental enamel demineralization during and after the orthodontic treatments [20] [21] [22] [23] . However, there is no information that has evaluated the antimicrobial effect and antiadherence activity of AgNPs against S. mutans bacteria on orthodontic bracket surfaces and its relationship with the presence of the elastomeric modules as well as different types of metallic orthodontic wires and the involved factors in the adherence of these bacteria. The aim of this work was to prepare and characterize two different sizes of AgNPs and evaluate its inhibition effect and antiadherence activity against the S. mutans strain on surfaces of orthodontic brackets and three different types of orthodontic wires.
Materials and Methods

Materials and Reagents.
Silver nitrate (AgNO 3 , CTR Scientific), gallic acid (C 7 H 6 O 5 , Sigma-Aldrich), sodium hydroxide (NaOH, Jalmek Scientific™, Mexico), ammonium hydroxide (NH 4 OH, Jalmek Scientific, Mexico), MullerHinton (MH, BD™ Difco™, USA), and S. mutans (ATCC®, 25175™) strain were purchased, used, and stored according to manufacturer's recommendations. All used reagents were of analytical grades.
2.2. Synthesis of Silver Nanoparticles. Two different sizes of AgNPs were prepared following the method previously reported by Espinosa-Cristóbal et al. [16] . For the first sample, 0.01 M AgNO 3 was dissolved in 100 mL of deionized water for 5 min under magnetic stirring in a 250 mL reaction vessel. After that, 10 mL of deionized water with 0.1 g of gallic acid was added to the solutions; then, the pH was immediately adjusted using 1.0 M NaOH raising to 11. For the second sample, similar concentrations of AgNO 3 were used; however, the amount of gallic acid was changed by 0.5 g. The pH was finally adjusted with NH 4 OH raising a pH of 10. Both samples were continually stirred for 10 min at room temperature.
2.3. Characterization of Silver Nanoparticles. Dynamic light scattering assay (DLS, Nanoparticle Analyzer, Nano Partica SZ-100 series, HORIBA Scientific Ltd., New Jersey, USA) operating with a DPSS laser at a wavelength of 532 nm using a scattering angle of 90 degrees, temperature of the holder 25°C, and dispersion medium viscosity 0.895 mPa/s for 60 seconds for each sample was performed to evaluate size and zeta potential. Transmission electron microscopy (TEM, Phillips CM-200) at an accelerating voltage of 25 kV determined the shape of particles; the elemental analysis was evaluated using the element energy dispersive spectroscopy (EDS) system (Team™ EDS System, EDAX).
S. mutans Suspension.
A reference stock of S. mutans (ATCC 25175) was used as a standardized suspension containing approximately 1.3 × 10 8 CFU/mL, which was obtained by spectrometry (Eppendorf BioPhotometer Plus, Germany) using a wavelength of 550 nm and an optical density of 0.126.
Antibacterial Assay.
The antibacterial test used in this work was made according to the study previously reported [15] with modifications. Previously to the antimicrobial test and adherence testing, the identity of the microorganism was confirmed by polymerase chain reaction (PCR). Bacterial strain was cultured in Müller-Hinton broth (MH, BD Difco, USA) by 18 h at 37°C before the test. Minimum inhibitory concentrations (MIC) were determined by incubating each microorganism in 96-well microdilution plates; 200 μL of each AgNP dispersion was placed in the first column and it was diluted 1 : 1 with MH medium (containing 2% of sucrose for oral bacteria) inoculated with S. mutans microorganism strain at 1.3 × 10 6 CFU/mL; finally, plates were incubated at 37°C for 24 h. After that, the last well that presented turbidity was considered as MIC. All antibacterial tests were made in triplicate. mutans was added to all tubes, sealed, and incubated for 24 h at 37°C. After this incubation period, orthodontic devices were transferred into tubes containing 1 mL of phosphate-buffered saline solution (PBS) and sonicated for 5 min; poorly adhered bacteria cells were thus dispersed. This bacterial suspension was diluted 1000 times with PBS solution, and 100 μL of each suspension was placed and extended on MH agar plates. After 48 h at 37°C, colony forming unit count (CFU/mL) was determined. Adherence testing was made in triplicate in three different times.
Scanning Electron Microscopy and Atomic Force
Microscopy Analyses. Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were used to explore topographic characteristics of orthodontic wires. New and dried samples of each type of wire were used for topographic evaluations using environmental conditions. The wires were examined by SEM analysis (JEOL, JSM-5300 LV, Japan) and operated at an accelerating voltage of 15 kV with magnifications of ×100, ×200, and ×5000 in magnitudes, and AFM analysis with use of a SI-DF3-A cantilever, a spring contact of 3.0 N/m, a level length of 450 μm, and a resonant frequency of 33 kHz was used.
Statistical Analysis.
All data of adherence testing were expressed as the mean ± standard deviation. Significant differences between AgNP samples, orthodontic brackets, and orthodontic wire groups were analyzed by Mann-Whitney U test for nonparametric values (StatView software, SAS Institute Inc., v5.0.1, Cary, NC, USA). Groups were considered significantly different when p < 0 05.
Results
3.1. Characterization of Silver Nanoparticles. The physical and chemical characteristics of AgNP are shown in Table 1 . Uniform sizes, spherical shapes, and good particle distributions were consistently observed for both AgNP samples ( Figure 1 ). According to the DLS results, single, centered, and thin peaks were found in smaller (8.1 ± 3.4 nm) and larger (20.1 ± 10 nm) AgNP samples, respectively. The zeta potential results indicate that both AgNP samples had negative values; however, the larger AgNP samples (−36.5 ± 5.7 mV) had slightly higher electrical charges than smaller Ag particles (−19.1 ± 52.5 mV). Figure 2 shows the antimicrobial activity of AgNP. Both sizes of AgNP (8.1 and 20.1 nm) showed growth inhibition activity of S. mutans bacteria ( Figure 2 ). Therefore, smaller AgNP samples (16.7 ± 0.0 μg/ mL) had consistently better antimicrobial inhibition effects against S. mutans strain compared to larger Ag particles (66.8 ± 0.0 μg/mL) showing significant differences between them (p < 0 05).
Antibacterial Test.
Adherence Testing.
The antiadherence activity of AgNPs on orthodontic brackets is shown in Figure 3 . According to the presence of the orthodontic modules (Figure 3(a) ), the antiadherence effect of AgNPs was not significantly affected using modules (94.75 ± 166.1 CFU/mL) than orthodontic brackets with no module (91.3 ± 160.0 CFU/mL) (p > 0 05). Furthermore, both sizes of AgNP samples (8.1 and 20.1 nm) had significantly better antiadherence activity (4.3 ± 2.8 CFU/mL for smaller particles and 5 ± 8.6 CFU/mL for larger particles) than the control groups (356± 25.0 CFU/ mL), even with the presence of orthodontic modules (4.3 ± 3.0 and 5 ± 3.4 CFU/mL, resp.) (Figure 3(b) ). Although the presence of the orthodontic module increased slightly the adherence of S. mutans strain on the surface of orthodontic bracket but with no significant differences (Figure 3(d) ), smaller and larger Ag particles showed significantly similar antiadherence activity on the S. mutans strain compared to the control groups even with the presence of orthodontic modules (Figure 3(c) ). The antiadherence activity of AgNPs on different types of orthodontic wires is shown in Figure 4 . Both sizes of AgNP samples had statistically good adherence inhibition of the S. mutans strain for all types of orthodontic wires (SS = 26.1-52.6 ± 2.6-2.8, NiTi = 15.1-49.6 ± 2.1-2.5, and CuNiTi = 89.1-287.8 ± 2.1-2.6) compared with the control groups (SS = 346.7 ± 3.3 CFU/mL, NiTi = 342.3 ± 39.1, and CuNiTi = 376.2 ± 18.3 CFU/mL). Also, significant differences were found between orthodontic wire groups in which the CuNiTi group showed statistically more increased bacterial adhesion activity (188.5 ± 157.5 CFU/mL) compared to the NiTi (101.8 ± 147.3 CFU/mL) and SS (101.9 ± 148.7 CFU/ mL) wire groups (Figure 4(a) ). It can be observed in Figure 4 (b) that all sizes of AgNPs demonstrated significantly to have a good inhibition adherence activity for the three different types of orthodontic wire groups; however, smaller AgNPs (8.1 nm) showed better antiadherence properties Figure 6 , center images) were more increased in SS wires (7.094E + 01 nm), followed by NiTi wires (6.234E + 01 nm) and the lowest roughness value for CuNiTi wires (3.116E + 01 nm). These results indicate that the microbial adhesion ability of the S. mutans strains could be associated to the particular microtopographic conditions on the surface of the orthodontic wires, specifically with CuNiTi samples than nanometric characteristics involved in each orthodontic wire. 
Discussion
This study determined that the AgNPs can significantly inhibit the bacterial adherence of the S. mutans strain on the surfaces of orthodontic bracket and wire appliances finding that the smaller AgNP samples demonstrated statistically to have the most important antiadherence activities for orthodontic brackets and wires (p < 0 05). Although the presence of the orthodontic module increased the adherence ability of the S. mutans on the bracket surfaces, the adherence inhibition activity of the AgNP samples was not significantly limited by the presence of these elastomeric orthodontic appliances (p > 0 05). Moreover, the CuNiTi orthodontic wires showed significantly to have specific topographic conditions to increase the adherence activity of the S. mutans bacteria compared to other orthodontic appliances (p < 0 05), in which particular micro-and macroscopic conditions were related to facilitate much better the microbial adherence ability of the S. mutans bacteria than NiTi and SS wires. In general, both sizes of AgNPs used in this study showed good antiadherence properties of the S. mutans strains, even with the presence of orthodontic appliances that could tend to improve the adherence ability of this bacterial strain.
Nowadays, there are several studies that demonstrate the antimicrobial activity of the AgNPs; therefore, there are no enough studies that have evaluated the effect of the AgNPs on the adhesion of S. mutans bacteria on surfaces of brackets and wires used for conventional orthodontic treatments. Various studies have shown that a coverage of AgNPs in Journal of Nanomaterials human dentin can prevent biofilm formation on the surface of the dentin as well as inhibit bacterial growth around it [18, 24] . According to the characterization of AgNPs, it is very well known that particles with zeta potential values between +30 and −30 mV are considered a stable suspension limiting the agglomeration [25, 26] . It has been reported that the concentration of AgNO 3 (0.01, 0.1, and 0.5 M) can affect the size of silver nanoparticles (20, 25 , and 11 nm) and the zeta potential values (−26.37, −37.95, and −28.23, resp.); moreover, the pH values in the solution could also promote a high risk of agglomeration when pH values < 7 were used, while pH values > 7 could have better conditions for nonagglomerated particles [26] . Our results from characterization indicate that all AgNP samples had generally good distribution and uniform sizes and shapes, while the potential zeta results suggest that smaller AgNPs could have an increased risk to be agglomerated due to low electrical charge (−19.1 ± 52.5 mV) compared to larger particles (−36.5 ± 5.7 mV), agreeing with other reported studies that found similar results [17, 26, 27] . It is possible that AgNO 3 concentration and different pH values as well as specific concentrations of gallic acid (stabilizer agent) for each AgNP sample can generate specific electrical charges promoting better properties associated with particle stability. On the other hand, studies have determined that the smaller AgNPs can have the ability to release more silver ions, having a greater surface area that increases its antimicrobial effect [17, 18, 24] , adhering to the cell death [28] . Our study determined significant and good adherence inhibition and antimicrobial activities of AgNP samples against S. mutans strains on surfaces of wires and orthodontic brackets (p < 0 05). It is possible that the AgNPs penetrate the cell membrane of S. mutans affecting the metabolic system of these bacteria, preventing the production of extracellular polysaccharides (bacterial adhesion agents) and specific metabolic processes for the development of S. mutans binding structures on surfaces and other bacteria [17, 18, 24, 29] . Also, a recent study evaluated the antimicrobial properties of AgNPs (17 nm) included in orthodontic elastomeric modules against S. mutans, Lactobacillus casei (L. casei), Staphylococcus aureus (S. aureus), and Escherichia coli (E. coli), concluding that the use of AgNPs immersed into
(g) (h) (i) Figure 5 : SEM micrographs of orthodontic wires. (a) Stainless steel, ×100; (b) stainless steel, ×2000; (c) stainless steel, ×5000; (d) nickeltitanium, ×100; (e) nickel-titanium, ×2000; (f) nickel-titanium, ×5000; (g) copper-nickel-titanium, ×100; (h) copper-nickel-titanium, ×2000; (i) copper-nickel-titanium, ×5000.
7 Journal of Nanomaterials elastomeric modules could potentially combat the dental biofilm decreasing the incidence of dental enamel demineralization during the orthodontic treatments [20] . Other study evaluated, through an in vivo experimental design, the antimicrobial activity on S. mutans bacteria and the ion release capacity of nanosilver-coated orthodontic brackets; these authors concluded that AgNP-coated brackets could significantly help to decrease the presence of spot lesions during fixed orthodontic treatments, even may have a potential solution for systemic compromised patients such as immune deficiency, diabetics, and subacute bacterial endocarditis. [21] . Our results agree with these results indicating that both sizes of AgNP samples have significant ability to inhibit the adherence capacity of S. mutans bacteria on surfaces of elastomeric modules and orthodontic brackets, even for these orthodontic brackets and elastomeric modules crisscrossed (p < 0 05). On the other hand, the antiadherence activity of AgNPs against S. mutans strain on various orthodontic wire surfaces was also determined. Authors have reported that SS and NiTi orthodontic wires with silver coatings as well as silver-coated titanium films showed good antiadherence and antimicrobial properties against Lactobacillus acidophilus (L. acidophilus) and S. mutans, respectively. Those results indicated that the SS (220.90 ± 30.73 CFU/mL) and NiTi (203.20 ± 41.94 CFU/mL) orthodontic wires with silver coatings as well as titanium films with silver had significantly more antiadherence and antimicrobial activities compared to wire samples with no coating (836.60 ± 48.97 and 748.90 ± 35.64 CFU/mL, resp.), determining that the use of silver on orthodontic wires and titanium films might prevent the accumulation of dental plaque and the development of dental caries during the orthodontic treatments [22, 23] . Our results suggest similar conclusions, in which, both AgNP samples against S. mutans bacteria on SS (101.9 ± 148.7 CFU/mL), NiTi (101.8 ± 147.3 CFU/mL), and CuNiTi (188.5 ± 157.5 CFU/mL) orthodontic wires had statistically better antimicrobial and antiadherence properties compared to the control groups (346.7 ± 3.3, 342.3 ± 39.1, and 376.2 ± 18.3 CFU/mL, resp.), associating these AgNP properties with the particle size (p < 0 05). These results suggest that the action mechanism of antimicrobial and antiadherence activities of AgNPs is due to the interaction of silver with thiol and amino groups located in enzymes and proteins of the bacterial cell playing an important role in the metabolic function and the possibility of the induction of a bacterial apoptosis-like response leading to the bacterial cell death [16, 19, 20, 24, 30] ; however, the large surface area of smaller AgNP samples might also be involved [6, 31] .
On the other hand, in an attempt to explore the principal risk factors involved in the increased adherence activity of S. Those results determined that the surface morphology of NiTi samples had the lowest wire-surface roughness and the best chemical and mechanical properties, while those that presented the greatest and inadequate wire-surface roughness, deactivation loadings biologically less favorable in relation to the other heat-activated NiTi archwires, more degradation within the oral cavity, the highest corrosion risk and others, were also reported for CuNiTi wires [32] [33] [34] [35] . Our results agree with those reported studies in which SEM and AFM images demonstrated that the CuNiTi wires presented more irregular surface topography with large amount of micropores and well-defined and irregular cavity surfaces, while NiTi and SS archwires had generally more smooth surfaces with slight scratches on their surfaces ( Figures 5 and 6 ). This information suggests that the particular topographic and chemical conditions in each type of orthodontic wire could be considered as a relevant risk factor to promote significant irregular surfaces and more superficial area on the surface of orthodontic wires, principally in CuNiTi samples [32, 33] , permitting an increased bacterial adherence of S. mutans microorganism in regular conditions [6] . It is possible that the effect of AgNPs in the adherence activity of S. mutans bacteria on these orthodontic brackets and wires is due to various possible risk factors, such as particular microbiology characteristics of the microorganism, physical and chemical conditions of the used orthodontic appliances, and specific physicochemical properties of the AgNPs, in which several specific activities might synergistically be involved in the adherence activity of the S. mutans bacteria in these orthodontic tools. Although our results might support this possible argument, more studies that determine the effect of AgNPs according to the corrosion level, topographic alterations, roughness, ion release, and other important properties of the most used orthodontic archwires should be investigated. In addition, the AgNPs have also been used for other different applications in the orthodontic field; the results of those investigations demonstrate that the orthodontic appliances with AgNPs have the ability to improve their antibacterial properties in several types of microorganisms involved in the white spots [36] [37] [38] [39] . Our results suggest that the AgNP samples used in this study have the potential to be an excellent antimicrobial alternative with antiadherence properties that might facilitate the prevention of white spots caused by the S. mutans bacteria during the orthodontic therapeutics for the most conventional orthodontic appliances. It is possible that mouthwashes or varnishes containing AgNPs could be regularly used during conventional dental hygiene applied directly on the surface of orthodontic appliances, helping the bacterial mechanical removal promoted by toothbrushes promoting a delay in bacterial adhesion and, consequently, low frequency of WSLs. Nonetheless, other scientific studies are undoubtedly needed to understand the effect of AgNP samples on the roughness, topography, corrosion, ion release, and other relevant to conditions of brackets and orthodontic wires in different simulated oral environments as well as the action mechanism of these metallic nanoparticles to inhibit the bacterial growth capacity and intervene in the bacterial adherence of the S. mutans microorganism.
Conclusions
The AgNPs used in this study were shown to inhibit the bacterial adhesion and growth ability of S. mutans bacteria on surfaces of orthodontic brackets and different types of orthodontic wires. The identified factors associated to the antiadherence ability and the antimicrobial effect of AgNPs on all orthodontic appliances were principally smaller AgNPs and specific topographic conditions of CuNiTi wires. According to our understanding, this is the first study that determined the antiadherence activity of AgNPs against S. mutans bacteria on brackets and wires used for orthodontic treatments. Although more serious scientific studies must be made, this study suggests that the AgNPs have a high potential for biomedical applications in the control of dental caries in patients with orthodontic treatments.
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